DNA methylation and histone modification are two major epigenetic pathways that interplay to regulate transcriptional activity and other genome functions. Dnmt3L is a regulatory factor for the de novo DNA methyltransferases Dnmt3a and Dnmt3b. Although recent biochemical studies have revealed that Dnmt3L binds to the tail of histone H3 with unmethylated lysine 4 in vitro, the requirement of chromatin components for DNA methylation has not been examined, and functional evidence for the connection of histone tails to DNA methylation is still lacking. Here, we used the budding yeast Saccharomyces cerevisiae as a model system to investigate the chromatin determinants of DNA methylation through ectopic expression of murine Dnmt3a and Dnmt3L. We found that the N terminus of histone H3 tail is required for de novo methylation, while the central part encompassing lysines 9 and 27, as well as the H4 tail are dispensable. DNA methylation occurs predominantly in heterochromatin regions lacking H3K4 methylation. In mutant strains depleted of H3K4 methylation, the DNA methylation level increased 5-fold. The methylation activity of Dnmt3a largely depends on the Dnmt3L's PHD domain recognizing the histone H3 tail with unmethylated lysine 4. Functional analysis of Dnmt3L in mouse ES cells confirmed that the chromatin-recognition ability of Dnmt3L's PHD domain is indeed required for efficient methylation at the promoter of the endogenous Dnmt3L gene. These findings establish the N terminus of histone H3 tail with an unmethylated lysine 4 as a chromatin determinant for DNA methylation.
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Dnmt3a ͉ Dnmt3L ͉ H3K4 methylation ͉ PHD domain ͉ yeast Saccharomyces cerevisiae ͉ Dnmt3L promoter T he genomic DNA in mammalian cells is not only bound with basic histone proteins to form chromatin, but also covalently methylated at cytosine bases in specific regions. DNA cytosine methylation together with histone modifications in chromatin present profound epigenetic platforms for the regulation of gene expression and genome functions in various developmental and disease processes (1) .
A fundamental question concerns how DNA methylation occurs in the first place. In mammals, de novo methyltransferases Dnmt3a and 3b function to establish the methylation patterns in the genome, and the maintenance enzyme Dnmt1 acts to replicate the methylation patterns in cell divisions (2) . Cross-talk between DNA methylation and histone modification exists in various contexts of transcriptional regulation and chromatin functions (3) . There is some evidence that chromatin cues might be a determinant of DNA methylation. In the filamentous fungus Neurospora crassa, either the replacement of histone H3 lysine 9 (H3K9) with other amino acids, or deletion of the sole H3K9 methyltransferase DIM5 results in the loss of DNA methylation (4) . In mouse ES cells, deficiency in the histone H3K9 methyltransferases Suv39h1-Suv39h2 is associated with hypomethylation at a subset of repeat elements (5) . These correlative observations fail to establish a clear link between histone modifications and DNA methylation, partially because deletion of a histone methyltransferase or loss of a histone modification can have various indirect effects, including an influence on the maintenance methylation. For example, recent studies showed that G9a exerts its effect on DNA methylation independently of its enzymatic activity (6) (7) (8) , and depletion of this protein might have an impact on the maintenance function of Dnmt1 (9, 10) .
While a repressive mark such as H3K9 methylation can presumably trigger DNA methylation, the active chromatin mark H3K4 methylation has been implicated as a repulsive signal (11) . Dnmt3L, the regulatory protein that forms a complex with Dnmt3a and Dnmt3b (12) , binds specifically to the unmethylated H3 histone tail (11) . This biochemical property of Dnmt3L leads to a model that the unmethylated state of H3 lysine 4 provides a chromatin clue for region-specific methylation by Dnmt3a, whereas other sequences are masked from this modification due to their association with repulsive histone marks (11) . Although this model is consistent with the notion that genomic methylation is heavily associated with heterochromatin that is depleted of histone H3K4 methylation (13, 14) , it lacks support from direct functional evidence in vivo.
In this study, we exploited model organism, budding yeast Saccharomyces cerevisiae, to study DNA methylation. As an eukaryote, S. cerevisiae has conserved histones, but fewer types of histone modifications than other higher organisms. Most importantly, DNA methylation is absent from the yeast genome. This allows for sensitive detection of de novo methylation if mammalian DNA methyltransferases are functional in this heterologous host. In particular, we sought to address the chromatin determinants of de novo DNA methylation by the Dnmt3a-Dnmt3L complex, including the relationship between H3K4 methylation and DNA methylation. Our studies have revealed a requirement of the histone H3 tail for DNA methylation. The methylation function of Dnmt3a depends largely on the ability of Dnmt3L to recognize unmethylated H3K4 in target chromatin regions. These findings are supported by a functional assay of Dnmt3L in differentiating mouse ES cells.
Results

DNA Methylation by Murine Methyltransferases Expressed In Yeast.
Because yeast cells lack DNA cytosine methylation, we first examined whether murine DNA methyltransferases Dnmt3a and its positive regulator Dnmnt3L would function in this heterologous host. The ectopic expression of HA-tagged Dnmt3a and Flag-tagged Dnmt3L under the control of GAL1 promoter was induced with galactose ( Fig. 1A) . Cytosine methylation in the host genomic DNA was assessed with HPLC analysis. In DNA purified from the strain expressing Dnmt3a, a small peak was evident at the position exactly corresponding to the 5-meC standard (Fig. S1 ). This peak represents 0.07% of the total cytosine amount (Fig. 1B, lane 3) . The accuracy of HPLC analysis was confirmed by mass spectrometry using the same DNA samples (data not shown). Moreover, no methylation was detected when Dnmt3a was absent (Fig. 1B, lanes 1 and 2) . Notably, when Dnmt3a was expressed with Dnmt3L, the methylation level increased 9-fold to 0.6% (Fig. 1B) . While the methylation targets did not show obvious sequence specificity in the flanking nucleotides, CpG was preferred Ϸ10-fold over CpA ( Fig. S2 and Table S1 ). This is consistent with the genomic methylation feature reported for mouse ES cells (15) . Taken together, our data demonstrate the functionality of mammalian Dnmt3a and Dnmt3L for de novo methylation in the yeast system that can mimic the mammalian methylation system. Genomic DNA is complexed with histones, which are highly conserved among most species. To define the role of histone tails in DNA methylation, we generated a series of yeast strains (Table S2 ) that contain deletion and point mutations in the histone H3 and H4 genes. The mutated histone H3 and H4 gene were cloned into a yeast CEN plasmid. The mutant constructs were transformed into yeast strain JLH511 (Table S2) , which lacks the chromosomal copies of the H3/H4 genes, but harbors a plasmid carrying the wild-type H3 or H4 allele under the control of their endogenous promoters. The preexisting plasmid was subsequently removed by negative selection using 5-fluoroorotic acid (5-FOA). The resulting strains expressing a histone mutant each were then transformed with Dnmt3a and Dnmt3L expression constructs. Western blot analysis of yeast cell extracts confirmed the expression of Flag-tagged Dnmt3a and Dnmt3L ( Fig. 2A) . Their low expression levels in strains bearing H3 R2A and H4 ⌬1-12 are presumably due to the direct effect of histone mutation on the GAL1 promoter as reported (16) .
While DNA methylation reached approximately 0.5% in the strain expressing the wild-type histone H3 from the episomal plasmid (a level similar to the YPH499 strain with a chromosomal H3 gene, Fig. 1B ), truncation of its N-terminal tail by as few as four amino acid residues abolished DNA methylation by Dnmt3a-Dnmt3L ( Fig. 2 A and B, lanes 1-4) . In contrast, deletion of the central part (⌬13-28) of histone H3 N-terminal tail provoked a 2-fold increase of the methylation level. As arginine 2 (R2) and lysine 4 (K4) are the two key residues of the H3 tail terminus subjected to posttranslational methylation, we respectively made substitutions for these two positions. While substitution of K4 for arginine (K4R) had a negative effect on DNA methylation, the replacement of R2 with alanine (R2A) appeared to enhance the methylation activity, given the drastic reduction in Dnmt3a and Dnmt3L protein levels in the strain harboring R2A mutation ( Fig. 2 A and B) . The stimulatory effect exhibited by the H3 (⌬13-28 and R2A) mutations might be mediated by reduced H3K4 methylation [ Fig. S3 and (17)]. In contrast to the essential role of H3 N terminus, deletion of the N-terminal tail of histone H4 caused no obvious change in DNA methylation (Fig. 2B , lanes 8 and 9). The slight decrease in H4 ⌬1-12 strain was probably due to the lower protein expression of Dnmt3a and Dnmt3L ( Fig. 2 A, lane 8) . These results indicate an essential role of the histone H3 tail and the crucial function of a few N-terminal residues for DNA methylation.
To exclude the possibility that histone H3 mutants affect DNA methylation via their effects on chromatin assembly, we conducted the micrococcal nuclease (MNase) digestion assay in three deletion strains H3 ⌬1-4, H4 ⌬1-12, and H4 ⌬12-20.
Comparisons of the MNase digestion profiles with the wild-type strain showed little alteration (Fig. 2C) . Thus, it is unlikely that the histone tail mutations affected DNA methylation by causing a radical change in chromatin configuration.
Elimination of Histone H3K4 Methylation Increases DNA Methylation in Yeast. Because the very end of the H3 tail was found to be crucial for genomic methylation, we next examined whether the lysine 4 methylation status would influence the activity of Dnmt3a-Dnmt3L. The two proteins were therefore expressed in strains deleted for individual components of the COMPASS complex, the yeast analogue of mammalian MLL complex that catalyzes H3K4 methylation. The integrity and stability of COMPASS complex requires the heterodimer of Swd1/Swd3 (WD40 repeat protein), the catalytic subunit Set1, and the plant homeodomain finger protein Spp1 (18) . As expected, deletion of SET1, SWD1, and SWD3 abolished mono-, di-, and trimethylation at H3K4, whereas deletion of SPP1 had no effect except for a decrease in trimethylation (Fig.  3A) . Strikingly, the methylation activity of Dnmt3a-Dnmt3L increased greatly in strains deficient in H3K4 methylation. The 5mC content reached 1.7-2.0% in the strains of set1⌬, swd1⌬, and swd3⌬, a 3-fold increase above the wild-type strain, while only a modest increase was seen in the spp1⌬ strain (Fig. 3B) . Yet the expression level of exogenous Dnmt3s in COMPASS mutant strains was lower than that in the wild-type strain (Fig. S4) , very likely due to the loss of active histone mark H3K4 methylation in these strains. The elevated DNA methylation led to a slow growth phenotype (Fig.  S5) . Restoration of H3K4 methylation by ectopic expression of wild-type Set1 protein in the set1⌬ mutant strain (Fig. 3C) reduced DNA methylation approximately to the level seen in the wild-type strain (Fig. 3D, compare samples 6-8) . Reintroduction of the catalytically inactive mutants (Set1p-N1016Q or -C1068A) (19, 20) into set1⌬ cells did not increase histone methylation (Fig. 3C, lanes  9 and 10) , and had no effect on DNA methylation (Fig. 3D) . This rescue experiment suggests that elevated DNA methylation in the mutant strains is not attributable to a casual disruption of any unrelated COMPASS-associated functions (21) . Therefore, it is likely that DNA methylation directly links to the unmethylated state of H3K4.
DNA Methylation Occurs in Genomic Regions Devoid of Histone H3K4
Methylation. Based on the above observations with the COM-PASS mutants, we postulated that de novo DNA methylation might occur in yeast genomic regions with H3K4 hypomethylation. To test this possibility, we analyzed the distribution of DNA methylation at three genomic loci of heterochromatin as well as three loci of euchromatin (Fig. 4A) .
Chromatin-immunoprecipation assay confirmed the reported histone methylation status at these examined sites (17) . The H3K4 methylation signal was enriched at the coding regions of the actively transcribed genes YPR113W, YLR340W, and YBR119W relative to the silent sites YPL017C, the silent mating-type locus (HMR) and the left telomeric region of chromosome IV (TEL04L), but was absent in the set1⌬ strain (Fig. 4B) . The corresponding DNA methylation status in these regions was determined by both restriction assay of the PCR fragments amplified from bisulfite-treated genomic DNA and sequencing analysis of cloned PCR fragments. Both experiments revealed that the coexpressed Dnmt3a and Dnmt3L could methylate sequences in heterochromatin while conferred no methylation at all at the euchromatic sequences (Fig. 4 C and D) . Most strikingly, DNA methylation became detectable in the euchromatin when H3K4 methylation was abolished in the set1⌬ strain. These observations clearly indicate that de novo methylation by Dnmt3a-Dnmt3L occurs at sequences associated with unmethylated H3K4, but was prevented at other sequences by the presence of H3K4 methylation.
DNA Methylation Depends on the Ability of Dnmt3L to Bind Histone
H3 with Unmethylated K4. Dnmt3L interacts specifically with unmethylated lysine 4 of histone H3 via its N-terminal PHD domain (11) . Dnmt3L also forms a complex with Dnmt3a via its C-terminal domain (22) and stimulates the methylation activity (23) (24) (25) (26) . We therefore assessed the significance of these dual functions of Dnmt3L for Dnmt3a-mediated de novo methylation in yeast. We generated a deletion mutant of the Dnmt3L PHD domain, as well as two point mutants D124A and I141W, equivalent to D90A and I107W of the human DNMT3L, which specifically disrupts the interaction with the H3 tail (11) . Another mutant we constructed was F297A in the C-terminal domain of Dnmt3L that is unable to stimulate the Dnmt3a activity in vitro (22) , but can still efficiently interact with Dnmt3a (27) . These Dnmt3L mutants were coexpressed with Dnmt3a at a similar level in yeast cells (Fig. 5A) . The functional deficiency of the Dnm3L PHD mutants was confirmed by a peptide pull-down assay using the protein purified from yeast. While the wild-type Dnmt3L could bind to the K4-unmethylated H3 peptide irrespective of arginine methylation at R2, all three PHD mutants lost this binding ability (Fig. 5B) . HPLC analysis of the genomic DNA revealed that de novo methylation was reduced significantly in cells with PHD-mutated Dnmt3L (Fig. 5C, lanes  2-4) . In contrast, the C-terminal point mutation F297A that weakens the stimulatory effect on Dnmt3a in vitro did not show any negative effect on de novo methylation in vivo (Fig. 5C, lane  5) . These results suggest that the function of Dnmt3L in recognizing unmethylated-K4 H3 histone might be of primary importance for promoting DNA methylation by Dnmt3a in vivo.
De Novo Methylation at the Dnmt3L Promoter in Differentiating ES Cells Is Compromised By Dnmt3L PHD Domain Mutations Affecting the
Binding of Unmethylated H3K4 Histone Tails. We have shown above that Dnmt3L promotes Dnmt3a methylation activity through the binding of its PHD domain to histone H3 in yeast. To evaluate the functional significance of the PHD domain in vivo, we tested the Dnmt3L mutants (D124A, I141W, and ⌬PHD) in mouse ES cells deleted of the endogenous Dnmt3L gene and examined whether the mutations would affect de novo methylation at the Dnmt3L promoter. Dnmt3L has been shown to participate in the methylation of its own promoter during embryonic development and in vitro ES cell differentiation (28) . We selected stable cell lines in which the exogenous mutant and wild-type Dnmt3L proteins were expressed at a level close to the endogenous one of wild-type ES cells (Fig. 6A) . The cells were cultured to form embryoid bodies (EBs) in which they underwent spontaneous differentiation, a process mimicking mouse early embryonic development. Both COBRA and bisulfate sequencing analysis were performed to examine the methylation state at the Dnmt3L promoter (Fig. 6 B and C) . The transgenic wild-type Dnmt3L appeared to be more proficient than the endogenous protein (51.4 vs. 36.1%), probably due to its unattenuated expression during differentiation for an ectopic CAG promoter. Most notably, the Dnmt3L mutants conferred at most only half of the methylation seen in the wild-type transgenic counterpart. This drastic reduction in the methylation efficiency actually represented a nullifying effect on the Dnmt3L function because the maximal methylation level (25.7%) in cells expressing the mutants was close to the level (23.6%) in cells deleted of Dnmt3L. These data suggest that the function of Dnmt3L in de novo methylation might fully rely on its binding to histone H3 tails.
Discussion
We describe here the use of budding yeast S. cerevisiae as a model system to study the mechanism of de novo DNA methylation by mammalian methyltransferases. The histone H3 tail terminus of seven residues was shown to be critical in de novo methylation by providing a binding site for Dnm3L in chromatin. De novo methylation appeared predominantly in heterochromatin containing hypomethylated lysine 4. Methylation of this residue prevented the associated genomic DNA from being methylated. In support of the role of histone H3 tail in DNA methylation, the ability of Dnmt3L to interact with the terminal region of the H3 tail was shown to be essential for promoting Dnmt3a methylation activity at the Dnmt3L promoter in mouse embryonic stem cells.
DNA de novo methyltransferases are intimately associated with chromatin (11, 29, 30) . However, the study of the chromatin requirement for DNA methylation in mammalian cells has been hindered by at least three aspects. First, mutational analysis of histones in mammals is impossible because histones are encoded by hundreds of gene copies. Second, histone modification is very complex in mammals, for example, more than 10 different enzymes could act on the methylation of H3 at lysine 4 (31). Finally, mammalian chromatin contains the preexisting DNA methylation. The use of budding yeast largely circumvents these problems. Yeast host strains deleted for both copies of chromosomal H3 or H4 genes can express mutant histones from an De novo DNA methylation is one of the events in a multistep gene silencing process in which certain chromatin modifications, including histone deacetylation also take place (32) . The extent of the requirement for the action of de novo methyltransferases is poorly understood in mammals. Repressive marks generated by locally recruited chromatin-modifying enzymes are thought to serve as signals for DNA methylation (1, 33) . In this connection, deficiency in histone H3K9 methyltransferases Suv39h1 and Suv39h2 causes loss of methylation at satellite repeats in mouse ES cells (5) . Another histone H3K9 methyltransferase, G9a has been implicated in methylation of the Oct4 promoter (32) . Despite the essential role of H3K9 methylation clearly demonstrated for DNA methylation in fungi and plants (4, 34) , we are concerning whether mammalian DNA methylation machinery might use different chromatin clues given the fact that the regulatory domains of mammalian de novo methyltransferases show no conservation with the fungal and plant enzymes. Our observation of robust methylation activity of Dnmt3a-Dnmt3L in yeast, which is free of repressive marks, demonstrates that the mammalian enzymes can function independently of histone K9 methylation. Significant methylation occurred even when the region of H3 tail encompassing K9 was deleted (Fig.  S6) . This is in a sharp contrast to the finding in Neurospora in which lysine 9 and its trimethylation are absolutely required for DNA methylation (4) . Instead, we found that the absence of an active mark (H3K4 methylation) on the H3 tail signals DNA methylation, in favor of the model suggested by Ooi (11) . Although we cannot exclude the possible role of a repressive mark in enhancing DNA methylation in the presence of a mediating factor such as HP1, it is clear that the mammalian methyltransferase complex is able to interact directly with an unmodified H3 histone tail terminus to confer de novo methylation on nucleosomal DNA in vivo.
The maximal amount of 5mC generated in the yeast genome upon induction of Dnmt3a and Dnmt3L is 2%, which is below the 3-5% present in mammalian cells. Of note, this level was achieved when H3K4 methylation was completely erased in the COMPASS mutant strains. In addition to the lack of maintenance-methylation machinery that can propagate methylation patterns in fast-dividing yeast cells, the differences in the yeast epigenome might also limit the activity of the mammalian methyltransferase. Chromatin modifications in the budding yeast differ substantially in type and extent from those of mammals. While most repressive marks including H3K9 and H3K27 methylation and silencing factors such as heterochromatin proteins (HP1) common in higher organisms are missing, the yeast chromatin is rich in active marks such as acetylation. Conceivably these active marks may mask the yeast genome from de novo methylation in a similar manner to H3K4 methylation. Nevertheless it is due to the presence of distinctive histone modifications, silencing factors as well as histone variants that the yeast presents a unique system for the study of mammalian DNA methylation.
Materials and Methods
Yeast Strains and Plasmid Constructions. The yeast strains used in this study are listed in Table S2 . Details for constructs are presented in the SI Text and the primers used are shown in Table S3 .
DNA Methylation Analysis.
HPLC experiments were performed as described in ref 35 . with slight modifications. Details about the procedure for HPLC and bisulfite methylation analysis are included in the SI Text.
Chromatin Immunoprecipitation Assay. Chromatin immunoprecipitation (ChIP) assays were performed as described in ref. 36 , with slight modifications. Briefly, yeast cells were grown at an OD600 of approximately 1.2 and cross-linked with 1% formaldehyde. Cells were lysed with glass beads and sonicated to shear the chromatin to fragment sizes of 250-to 500-bp. Cross-linked chromatin fragments were immunoprecipitated with rabbit IgG (Sigma) or Abs against H3 (Upstate) or H3K4me3 (Abcam) bound to Protein A Sepharose beads (GE Healthcare). After the cross-links were reversed, the DNA fragments were extracted for PCR assay. The ChIP primers are listed in Table S3 .
Establishment of Stable ES Cell Lines and In Vitro Differentiation. Dnmt3L Ϫ/Ϫ ES cells (37) were transfected with pCAG-IRESblast (38) expression constructs encoding Flag-tagged Dnmt3L. Blasticidin selection for stable cell lines was performed as described in ref. 38 . At least 15 drug-resistant colonies were picked and expanded to assay for recombinant protein expression. In vitro differentiation was performed essentially as described in ref. 39 .
